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ABSTRACT

Vertebrates exhibit a diverse range of locomotor modes and associated morphological
structures. Although many vertebrates can be classified as using distinct aquatic or
terrestrial locomotor behaviors, several species use a terrestrial mode of locomotion while
only partly submerged in aquatic environments, a behavior called wading. Wading can be
observed in a variety of taxa including amphibians, reptiles, mammals, and birds.
Although there are over 100 species of wading birds, quantitative measurements of avian
wading kinematics have not been performed. To address the lack of comparative studies
on avian wading kinematics, video footage of Phoenicopterus chilensis (Chilean
flamingo) was collected and analyzed for several kinematic variables during walking on
land and wading through increasing depths of water. Step height increased as water depth
increased, indicating exaggerated hindlimb movements in deeper waters. Minimum ankle
angle, and tibiotarsal angle to the horizontal, decreased in deep waters, indicating greater
folding together of the tibiotarsus and tarsometatarsus that likely reduced drag induced by
contact between water and the limb. In addition, the minimum angle of the head and the
minimum distance between the head and body both increased with increasing water
depth, potentially reflecting changes in mass distribution allowed by the increased
buoyancy afforded by deeper water. These results demonstrate that wading birds make
several kinematic adjustments as they move through increasing depths of water,
potentially helping them accommodate changes in both drag and buoyancy across habitat
gradients.
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INTRODUCTION
The environment in which an animal lives can profoundly affect its mode of
locomotion. For example, aquatic environments can expose animals to considerably
different forces than they would experience on land, where they are surrounded by air.
Many of these differences relate to the buoyancy of animals and the consequent reduction
of the weight that their limbs must support when in water (Zug, 1971; Ashley-Ross et al.,
2009). Moreover, for animals moving at comparable speeds, water also imposes more
drag than moving through air (Vogel, 2003). Despite such differences in functional
requirements, many animals make use of both aquatic and terrestrial habitats. To move
through these different regimes, many species will change their locomotor behavior,
switching from walking on land to swimming while in water. Such behavioral changes
can lead to changes in limb and body movements, muscle activation, and skeletal loading
(Gatesy & Biewener, 1991; Gillis & Blob, 2001; Rivera & Blob, 2010; Andrada et al.,
2013; Andrada et al., 2015; Young & Blob, 2015).
Although locomotor changes between water and land are substantial for some
vertebrate species, a diverse range of tetrapods do not make dramatic changes in
locomotor mode between habitats and, instead, use walking movements both in water and
on land. Such species include several taxa of turtles and salamanders that commonly walk
while fully submerged (Zug, 1971; Willey & Blob, 2004; Ashley-Ross & Bechtel 2004;
Ashley-Ross et al., 2009), thereby incurring considerable effects from buoyancy as the
entire body is underwater during stepping. In contrast, a diverse range of animals that
includes some birds, primates, and large mammals, commonly engage in wading
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behaviors, in which the limbs move through water, but the feet contact the submerged
substrate and the body is supported partly or entirely above the water. Wading species
may experience little buoyancy but, instead, may incur drag on the limbs from moving
through water while still being required to support the weight of the body.
Birds are one of the vertebrate clades that most commonly exhibit wading
behaviors. Many lineages of wading birds such as cranes, herons, ibis, and flamingos,
spend most of their lives in or around shallow water, and walk through such water while
seeking resources such as prey or nesting sites (Hartman, 1961; Powell, 1987; Velasquez,
1992; Pickens, 2017). Previous studies have focused on different aspects of terrestrial
avian bipedalism and the challenges that birds face while moving over the ground
(Gatesy & Biewener, 1991; Daley, 2006; Andrada & Blickhan, 2013; Andrada, 2015;
Barringham et al., 2019). However, even for species that regularly use wading behaviors,
there is little information on how wading through water influences avian locomotion. Do
birds change the way that they move their limbs to accommodate the additional drag that
deep waters impose?
Motivated in part by potential therapeutic and healthcare implications
(Haupenthal et al., 2010), previous studies of limb kinematics during wading have
focused primarily on quadrupeds (Barnicoat & Wills, 2016) or on human bipeds
(Kuliukas, 2001; Barela et al., 2005). There are several mechanical differences between
bipedalism versus quadrupedalism (Nakatsuka, 2003), as well as between avian
bipedalism and human bipedalism (Alexander, 2004). Whereas human bipedalism, which
utilizes a plantigrade foot posture, is suggested to be stiffer and more energy efficient,
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avian bipedalism, which utilizes a digitigrade foot posture, is regarded as more compliant
and stable (Gatesy & Biewener, 1991; Hugel et al., 2003). Thus, previous studies may not
provide a sufficient basis to predict the impacts of wading on the locomotion of the
diverse avian lineage. Moreover, as birds move through different depths of water, greater
contrasts from terrestrial locomotion could emerge. Given the potential implications of
the physical features of water for limb-based locomotion, direct measurement is needed
to evaluate the impact of aquatic environments on avian walking.
Flamingos are an advantageous group in which to study the locomotor effects of
wading through different water depths. Flamingos spend most of their lives in or near
shallow water and, although they can swim in deep water, they will typically wade
through the water while feeding (Bildstein, 1993; Caziani, 2007). Flamingos are also
large and brightly colored compared to most other wading birds, facilitating the filming
and tracking of landmarks on their body and legs. Moreover, recent anatomical studies on
the mechanics of the standing flamingo leg provide a context for locomotor support that
may be less available for other species (Chang & Ting, 2017).
A variety of kinematic changes are expected to occur when transitioning between
terrestrial locomotion to wading through various depths of water (Coughlin & Fish,
2009). First, step height is predicted to increase as water depth increases, helping to avoid
dragging the limbs through shallow water. In turn, this will correspond with a decreased
minimum angle of the ankle, reflecting folding of the limb that can raise the foot above
the water. In especially deep water, step height may eventually decrease and ankle angle
increase, as it could become kinematically awkward and unstable to continue elevating
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the limbs above deep water. Due to increased step heights in shallow waters, stride length
is likely to decrease, resulting in shorter but higher steps. Such changes could help to
increase stability, despite taking high steps in shallow water (Espy et al., 2010). However,
stride length may increase again as water depth increases and step height eventually
lowers. In addition, stride velocity should decrease as water depth increases, due to the
energetic costs associated with fast wading and moving through a viscous medium
(Owen, 2006; Halsey et al., 2014).
Beyond changes in limb movements, changes in other patterns of body motion
may also occur. Flamingos do not typically display the head bobbing seen in some other
species of birds (Necker, 2007; Hancock, 2013); however, many quadrupeds exhibit
changes in the position of their head and neck relative to the body in relation to changes
in speed, direction, or incline, helping to stabilize the body and improve visual fixation
(Mulayara et al., 2002; Menz, 2003). I predict that, in shallow water, the head will be
held at an angle close to or beyond vertical (90°), with the beak posterior to the eye and
the distance between the head and body minimized, because moving through shallow
water with increased drag and minimal effects of buoyancy may require flamingos to
hold their extremities closer to their center of mass to remain stable. In contrast, head
angles will be lower and the distance between the head and body may increase in
terrestrial and deep-water strides, as greater buoyancy in deep water (and reduced drag in
the terrestrial strides) could allow for greater freedom in head position.
Here, I compared the limb and body kinematics of Chilean flamingos walking
through varying depths of water. This work aims to improve our understanding of the
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kinematics of avian bipeds while moving through a challenging environment - wading in
water compared to walking through air on land. These data could be valuable for further
understanding of water-to-land transitions (Young et al., 2017) or better understanding of
the relationships between hindlimb kinematic behaviors across avian phylogeny (Thomas
et al., 2004; Barbosa and Moreno, 2008). Additionally, this work could potentially
provide a model for the design of bioinspired vehicles capable of stable and energy
efficient locomotion through a variety of habitats (Hugel et al., 2003). The results also
may have implications for the design of zoological enclosures that could help ensure that
captive wading birds are kept in areas that limit locomotor difficulties.
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MATERIALS AND METHODS
Experimental animals
Five adult Chilean flamingos (Phoenicopterus chilensis) were housed and cared
for by the Greenville Zoo staff (Greenville, SC). Flamingos were fed commercial
flamingo pellet feed and had constant access to water. Two-hour filming sessions
occurred between August 2018 and September 2019; with at least a week between
filming sessions. All procedures were approved by the Clemson University IACUC (AUP
2017-078) and the Greenville Zoo veterinary staff (Zoo Veterinarian Nikolay Kapustin).

Measurement of walking and wading kinematics
All filming was conducted in the flamingo enclosure, which included a still water
lagoon surrounded by dry land (Fig. 1). Videos were captured using three GoPro Hero 4
cameras (GoPro, Inc, San Mateo, CA) placed in a triangular formation (Fig. 2). Because
animals were not allowed to be handled or marked, zookeepers guided all five birds to
walk or wade in front of the camera array. Individual birds were identified based on
unique body markings. A locomotor cycle was defined to begin when the hindlimb
furthest from the camera array was fully protracted, and to end at the next point of full
protraction for the same limb (N= 145; ~30 trials per bird). Strides from either the left or
right leg were used, depending on the direction a bird was moving past the cameras.
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Figure 1: Photograph of the enclosure in which all filming was conducted. The enclosure
included a lagoon that graded from shallow to deeper waters for filming aquatic strides,
and a dry mud bank for filming terrestrial strides.

Figure 2: Still image of flamingos walking in front of the camera array used for video
filming.

7

Videos from all three cameras were captured simultaneously, and manually
synchronized using a light flash visible in all three cameras. Fisheye distortion from the
GoPro cameras was corrected in Adobe Premiere Pro CC 2018 (Adobe Systems, Inc.,
San Jose, CA). A calibration object of known dimensions was filmed prior to each video
session, allowing videos from multiple two-dimensional views to be coordinated to
reconstruct bird movements in three dimensions, using routines available through
DLTDataViewer5 software (Hedrick, 2008). To measure bird movements,
DLTDataViewer5 (Hedrick, 2008) was also used to track ten points on their bodies.
These points included the eye, tip of the beak, the dorsal base of the neck where it meets
the body, the tip of the tail, the margin of the tibiotarsus closest to the camera where it
meets body feathers, the middle of the ankle of the leg closest to the camera, the
metatarso-phalangeal joint of the leg closest to the camera, the tip of the longest digit on
the leg closest to the camera, the distal edge of the ankle on the leg furthest from the
camera, and, in shallow water and on land, the metatarso-phalangeal joint of the leg
furthest from the camera (Fig. 3). In deep water that covered the ankle joint, these points
included the eye, tip of the beak, the dorsal base of the neck and body, the tip of the tail,
the proximal margin of the near and far tibiotarsi where they met body feathers, the
ankles of both legs when visible, and the point where each leg met the water.

8

Figure 3: Illustration of 10 anatomical landmarks on flamingos that were used to track
wading kinematics on videos.

Tracked marker data were processed through custom Matlab (Mathworks, Natick,
MA) routines to calculate kinematic variables from each trial. These variables included
angles of the hindlimb segments and joints, head extension and flexion angles, the
maximum and minimum distance of the head from the body, step height, stride length,
and stride velocity. To facilitate comparisons of kinematic profiles for locomotor cycles
of different absolute durations, the calculated variables were processed through a quintic
spline (Walker, 1998) to smooth and interpolate kinematic variables to 101 values. These
values represent 0-100% of the stride cycle, where 0 indicates full protraction of the
hindlimb furthest from the camera.
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Statistical Analysis
Variables based on length measurements of the birds (e.g., step height, stride
length, and velocity) were normalized by the head length of each bird (measured as the
distance between the eye and the tip of the beak) prior to analysis. This normalization
helped to account for size differences between individuals. Similarly, water depth
measurements were also normalized across the five birds to reflect the maximum
percentage of the leg that was covered by water during the stride. Coverage to the ankle
was considered 100%, and coverage to the juncture between the tibiotarsus and the body
feathers was considered 200%. Thus, shallow water depths that did not reach the ankle
ranged between 0-99%, and deep water depths that submerged the ankle and placed part
of the tibiotarsus under water ranged between 100%-200%.
All statistical analyses were performed in Statview 5.0 (SAS Institute Inc., Cary,
NC) for Macintosh or R (R Core Team, 2013). Regressions were used to test for changes
in step height, stride length, velocity, the distance between the head and body, and angles
of the head and limbs across increasing depths of water. Individual birds were included in
analyses as random effects, but these effects were minimal, so individual effects were
ultimately excluded from the analyses that were the primary focus of interpretation.
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RESULTS
Regressions indicated that several kinematic variables showed significant changes
associated with increasing water depth (Table 1). However, for other variables clear
relationships with water depth were not evident.
Stride Velocity and Length
Neither stride velocity (ANOVA; P=0.2548, F=1.308, R2=0.0093) nor stride
length (ANOVA; P=0.5843, F=0.3008, R2=0.0649) changed significantly with increasing
water depth (Table 1, Figs. 4, 5).
Table 1. ANOVA results for regressions of kinematic variables against water depth
across all five flamingos (N=145 strides unless noted); *=significant at P<0.05,
**=significant at P<0.005, ***=significant at P<0.0005).
F- Value

R2- Value

P- Value

Stride Velocity

1.308

0.0093

0.2548

Stride Length

0.3008

0.0022

0.5843

Step Height

9.649

0.0649

0.0023**

Min Ankle Angle (N=115)

21.14

0.1612

<0.0001***

Max Tibiotarsal Angle

0.55

0.0039

0.4596

Min Tibiotarsal Angle

26.27

0.1589

<0.0001***

Max Head Angle

0.0154

0.0001

0.9012

Min Head Angle

7.218

0.0493

0.0081**

Max Head-Body Distance

0.3292

0.0023

0.567

Min Head-Body Distance

4.796

0.0333

0.03019*

Variable
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Figure 4: Stride velocity for flamingos (pooled N=5 animals, 145 strides) regressed on
water depth. There was not a significant trend for flamingos to take faster or slower
strides in deeper water.
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Figure 5: Stride length for flamingos (pooled N=5, 145 strides) regressed on water
depth. Stride length was not correlated with water depth.
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Step Height
Step height was characterized as the minimum vertical distance between the ankle
and the body, normalized by head length. Thus, higher step heights had smaller values
(i.e. smaller distance between the ankle and the body). Step height had a significant but
weak relationship with water depth (ANOVA; P=0.0023, F=9.649, R2=-0.0649), in which
flamingos raised their ankles closer to the body with increasing water depth (Table 1,
Figure 6).

Step Height across Water Depth
Step Height between Ankle & Body
(Head Lengths)

1.4
1.2
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0.6
0.4
0.2
0
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80%
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160%

-0.4
-0.6

Water Depth (% Leg Covered)

Figure 6: Step height (normalized by head length) for flamingos (pooled N=5 animals,
145 strides) regressed on water depth. Note that because step height was evaluated as the
minimum vertical distance between the ankle and the body, larger positive values of step
height indicate greater ankle-to-body distances, or lower step heights; moreover,
negative values indicate that the ankle raises above the body. Step height had a
significant relationship with water depth, where distance between the ankle and body
decreased as water depth increased.
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Ankle Angle
The ankle was extended to a nearly straight position at the start of each stride,
then flexed to an approximately right angle by midstep before extending again at the end
of the stride (Fig. 7). The minimum angle of ankle flexion could only be calculated for
strides that had the ankle and tarsometatarsus visible at all phases of the stride, so strides
in deep water were excluded from this analysis (n=115). Minimum ankle flexion angle
decreased significantly as water depth increased (ANOVA; P<0.0001, F=21.14,
R2=0.1612), indicating that the leg folds more as water depth increases. Such folding
could reflect an effort to raise more of the leg out of the water as it becomes deeper,
helping to reduce drag. The maximum angle of the ankle did not change significantly
with water depth, with all steps reaching a nearly straight angle at the beginning and end
of each cycle (Fig. 7).
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Figure 7: Average kinematic profile of ankle flexion angle throughout the course of a
single stride cycle for walking flamingos. All strides across all water depths were
normalized to the same duration, with strides in which the ankle was submerged excluded
from analysis (pooled N=5 animals, 115 strides). Points represent the average value of
ankle flexion for each 1% increment of time through the step, with whiskers representing
± 1 standard error.
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Figure 8: Minimum angle of ankle flexion for flamingos (pooled N=5 animals, 115
strides) regressed on water depth. Minimum ankle angles showed a significant trend to
be smaller, indicating a more folded leg, in deeper waters.
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Tibiotarsus Angle to the Horizontal
The angle of the tibiotarsus with the horizontal was calculated for all strides, such
that the minimum angle occurs when the leg is fully off the ground at the highest point of
the swing phase, and the maximum angle occurs when the leg is in the middle of stance
phase and supporting the weight of the body (Fig. 9). Maximum tibiotarsus angles were
not significantly affected by water depth (ANOVA, P=0.4596, F=0.55, R2=0.0039), but
this angle is measured when the leg is in stance phase, which is unlikely to yield different
values among different environmental conditions. Minimum tibiotarsus angles (Fig 10)
decreased significantly with increasing water depth (ANOVA, P=<0.0001, F=26.27,
R2=0.1589), indicating that the tibiotarsus achieved a more horizontal orientation during
wading through deeper water (Table 1, Figs. 9, 10).
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Figure 9: Average kinematic profile of the angle of the tibiotarsus relative to the
horizontal throughout the course of a single stride cycle for walking flamingos. All
strides across all water depths were normalized to the same duration (pooled N=5
animals, 145 strides). Points represent the average value of tibiotarsus angle for each
1% increment of time through the step, with whiskers representing ± 1 standard error.
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Figure 10: Minimum angle of the tibiotarsal segment compared to the horizontal (pooled
N=5 animals, 145 strides) regressed on water depth. There was a significant effect of
water depth on the minimum tibiotarsal angle, where the minimum angle decreased
(became closer to the horizontal) as water depth increased.
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Head Angle
The average angle of the head showed little cyclic movement throughout stride
cycles across varying conditions of water depth, typically orienting near 90° (Fig.11).
However, the minimum head angle showed a weak, but significant, correlation with
water depth (Fig. 12), with larger minimum head angles being used in deeper water
(ANOVA; P= 0.0081, F= 7.218, R2= 0.0493), indicating that the head was held in a
slightly more vertical orientation, with the beak tucked closer to the body. In contrast,
water depth had no effect on maximum head angle (Fig. 13; ANOVA; P= 0.9012, F=
0.0155, R2=-0.0001).

Figure 11: Average kinematic profile of the angle of the head to the horizontal
throughout the course of a single stride cycle by walking flamingos. All strides across all
water depths were normalized to the same duration (pooled N=5 animals, 145 strides).
Points represent the average value of head angle for each 1% increment of time through
the step, with whiskers representing ± 1 standard error.
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Minimum Head Angle Across Water Depth
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Figure 12: Minimum head angle for flamingos (pooled N=5 animals, 145 strides)
regressed on water depth. Minimum head angles showed a weak, but significant trend to
increase in deeper waters, shifting to a more vertical position.

Maximum Head Angle Across Water Depth
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Figure 13: Maximum head angle for flamingos (pooled N=5 animals, 145 strides)
regressed on water depth. There was not a significant relationship between water depth
and maximum head angle.
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Distance Between the Head and Body
Similar to head angles, there was little cyclic change in the distance between the
head and body of flamingos through the course of steps (Fig. 14). There was no
significant relationship between water depth and the maximum distance between the
body and the head (P=0.5670, F=0.3292, R2=0.0023; see Fig. 15). However, there was a
weakly significant relationship between water depth and the minimum distance between
the body and head (P=0.0302, F=4.796, R2=0.0333), with the minimum distance between
head and body increasing in deeper water (Fig. 16).

Figure 14: Average kinematic profile of the distance between the head and body
(normalized by head length) throughout the course of a single stride cycle by walking
flamingos. All strides across all water depths were normalized to the same duration
(pooled N=5 animals, 145 strides). Points represent the average value of head-body
distance for each 1% increment of time through the step, with whiskers representing ± 1
standard error.
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Figure 15: Maximum head-body distance for flamingos (pooled N=5 animals, 145
strides) regressed on water depth. There was not a significant relationship between water
depth and maximum head-body distance.
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Figure 16: Minimum distance between the head and body for flamingos (pooled N=5
animals, 145 strides) regressed on water depth. There was a significant trend for this
distance to increase in length in deeper waters.

23

DISCUSSION
Flamingos exhibit a variety of kinematic changes as they wade through increasing
depths of water; however, other kinematic parameters show consistent values despite
changes in water depth. These changes can be considered in the context of the locomotor
forces most likely to change in correlation with wading depth: drag and buoyancy.
As the limbs of flamingos move through increasing depths of water, they are
likely to experience greater drag. There are a variety of strategies that birds could employ
to limit such increase in drag. One might be to take higher steps, so that the foot and limb
largely step over, rather than drag through, resistive water. Because we could not see
through the water in our enclosure, we combined several different measurements to
understand how flamingos altered step height in response to water depth. Our primary
measurement of step height was the minimum distance between the ankle and the body of
the bird. This variable was significantly affected by water depth, where birds took higher
steps in deeper water, potentially reducing the drag of the water on the limbs. To further
explore the mechanisms by which flamingos achieve greater step heights, we also
measured the angle of the tibiotarsus to the horizontal, and the minimum angle of ankle
flexion. These measurements showed that the tibiotarsus was raised to significantly more
horizontal angles, and the ankle was flexed to smaller angles, as water depth increased.
Through such movements, higher steps appear to be achieved through both overall
raising of the leg from the knee joint, as well tighter folding of tibiotarsus and
tarsometatarsus at the ankle joint. These results suggest that flamingos can exert precisely
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controlled motions at multiple joints to lift the limbs and limit drag while wading through
deep water.
Despite closing the ankle to a smaller minimum angle in deeper water and the
altered movements at the knee to change the angle of the tibiotarsal limb segment,
flamingos did not change stride length as they waded through deeper water. It is possible
that the exaggeration of step heights could limit the potential for simultaneous kinematic
changes that could also increase stride length in deeper water. Such limits to stride length
increases might also limiting opportunities for increasing stride velocity in deeper water,
as velocity also showed no significantly change across changes in water depth. In the
context of these patterns, it is noteworthy that wading behaviors are not significantly
more energetically expensive than similar walking behaviors at slower velocities (Halsey
et al., 2014). Thus, it is possible that by limiting drag and maintaining consistent
velocities, the kinematic changes employed by flamingos might also help to limit
increases in their energetic costs as they wade through deeper water.
Beyond changes in limb movements, flamingos also exhibited changes in head
position relative to the body in deeper water. In deeper water, the beak was tucked in
closer to the body, but the overall distance between the head and the body tended to
increase. This could indicate that as water depth increases, flamingos can stretch the neck
out further from the body than in shallow water or on land. Reasons why such changes in
head position are used are not clear. Nonetheless, such changes in mass distribution
might be facilitated by the greater stability conveyed by deep water surrounding the body,
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and tucking in the head may improve balance during use of an outstretched neck during
deep-water wading.
Species that utilize the interface between land and water must overcome a variety
of physical challenges presented by these distinct habitats. Previous studies have
suggested that the energetic cost of locomotion in semi-aquatic species may be higher in
a given environment than that for an aquatic or terrestrial specialist, though costs for a
specialist are typically higher than those for semi-aquatic species in the opposite
environmental condition (Fish & Baudinette, 1999). Semi-aquatic species may use a
combination of morphological and kinematic adaptations to overcome the increased
demands of their unique environmental conditions (Blob et al., 2016). The benefits of
access to a broader range of resources, covering both water and land, may provide
individuals with sufficient benefits to outweigh the costs associated with locomotion in
such challenging environments (Ashley-Ross et al., 2013; Kawano et al., 2013; Blob et
al., 2016). While moving between varying water depths, a variety of kinematic changes
can be employed to enhance performance, and the changes observed in flamingo
locomotion across changes in water depth may reflect such a capacity. Such functional
flexibility could be advantageous in shoreline environments where birds must frequently
move between land and varying depths of water.
Long-legged birds, which have a distinct limb morphology from other avian
species (Zeffer, 2003), have an elevated need for stability. Although large wading birds
often possess both long legs and a long neck (Wilkinson & Ruxton, 2011), with flamingo
taxa having the longest legs and neck relative to the body (del Hoyo, 1994), smaller
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wading species (e.g. yellowlegs, sandpipers) typically have elongated legs without
extreme elongation of the neck (Baker, 1979). Future studies that compare wading
kinematics between large and small species of waders could provide insight into the role
of neck and head movements in wading function. Such work might also provide a model
for the design of bioinspired vehicles capable of stable and energy efficient locomotion
through a variety of habitats (Hugel et al., 2003). Comparative data across wading species
could also inform the design of zoological enclosures, helping to ensure that captive
wading birds are kept in areas that limit locomotor difficulties. Such applications provide
motivation for further study of the abilities of diverse taxa to move through complex
physical environments.

27

REFERENCES
1. Alexander, R.M. 2004. Bipedal animals, and their differences from humans.
Journal of Anatomy. 204: 321-330.
2. Andrada, E., Haase, D., Sutedja, Y., Nyakatura, J.A., Kilbourne, B.M., Denzler,
J., Fischer, M.S., Blickhan, R. Mixed gaits in small avian terrestrial locomotion.
2015. Scientific Reports. 5: 13636.
3. Andrada, E., Rode, C., Blickhan, R. Grounded running in quails: simulations
indicate benefits of observed fixed aperture angle between legs before touchdown. 2013. Journal of Theoretical Biology. 335: 97-107.
4. Ashley-Ross, M. A., Bechtel, B. F. Kinematics of the transition between aquatic
and terrestrial locomotion in the newt Taricha torosa. 2004. Journal of
Experimental Biology. 2007: 461-474.
5. Ashley-Ross, M. A., Lundin, R., Johnson, K. L. Kinematics of level terrestrial and
underwater walking in the California newt, Taricha torosa. 2009. Journal of
Experimental Zoology Part A: Ecological and Integrative Physiology. 311A, 4:
240-257.
6. Baker, M.C. Morphological correlates of habitat selection in a community of
shorebirds. 1979. Oikos. 33: 121-126.
7. Barbosa, A. and Moreno, E. Hindlimb morphology and locomotor performance in
waders: an evolutionary approach. 1998. Biological Journal of the Linnean
Society. 67: 313-330.

28

8. Barela, A. M. and Duarte, M. Biomechanical characteristics of elderly individuals
walking on land and in water. 2008. Journal of Electromyography and
Kinesiology. 18(3): 446-454.
9. Barela, A.M., Stolf, S.F., Duarte, M. Biomechanical characteristics of adults
walking in shallow water and on land. 2006. Journal of Electromyography and
Kinesiology. 16: 250-256.
10. Barnicoat, F., and Wills, A.P. Effect of water depth on limb kinematics of the
domestic dog (Canis lupus familiaris) during underwater treadmill exercise).
2016. Comparative Exercise. 12: 199-207.
11. Barringham, D., Nudds, R., Marmol-Guijarro, A., Codd, J. Understanding
locomotion on snow: How substrate influences trackway characteristics of
Svalbard Rock Ptarmigan. Poster Presentation. 2019 Integrative and Comparative
Vertebrate Morphology Meeting. Prague, Czech Republic.
12. Bates, D., Mächler, M., Bolker, B., Walker, S. Fitting Linear Mixed-Effects
Models. 2015. Journal of Statistical Software. 67(1): 1-48.
13. Bildstein, K. L., Golden, C. B., McCraith, B. J., Bohmke, B. W., Seibels, R. E.
Feeding behavior, aggression, and the conservation biology of flamingosintegrating studies of captive and free-ranging birds. 1993. American Zoologist.
33(2): 117-125.
14. Blake, R.W. Biological implications of the hydrodynamics of swimming at or
near the surface and in shallow water. 2009. Bioinspiration and Biomimetics. 4:
015004.

29

15. Blob, R.W., Mayerl, C.J., Rivera, A.R.V., Rivera, G, Young, V.H.K. “On the
fence” vs. “all in”: Insights from turtles for the evolution of aquatic locomotor
specializations and habitat transitions in tetrapod vertebrates. 2016. Integrative
and Comparative Biology 56(6): 1310-1322.
16. Blum, Y., Birn-Jeffery, A., Daley, M. A., Seyfarth, A. Does a crouched leg
posture enhance running stability and robustness? 2011. Journal of Theoretical
Biology. 281(1): 97-106.
17. Butler, P.J., Green, J.A., Boyd, I.L., Speakman, J.R. Measuring metabolic rate in
the field: the pros and cons of the doubly labelled water and heart rate methods.
2004. Functional Ecology. 18: 168-183.
18. Caziani, S. M., Olivio, O. R., Ramírez, E. R., Romano, M., Derlindati, E. J.,
Tálamo, A., Ricalde, D., Quiroga, C., Contreras, J. P., Valqui, M., Sosa, H. 2007.
Seasonal distribution, abundance, and nesting of Puna, Andean, and Chilean
flamingos. The Condor: Ornithological Applications. 109(2), 276-287.
19. Chang, Y.H., Ting, L.H. Mechanical evidence that flamingos can support their
body on one leg with little active muscular force. 2017. Biology Letters. 13:
20160948.
20. Cohen, J. A power primer. 1992. Psychological Bulletin. 112: 155-159.
21. Coughlin, B.L. & Fish, F.E. Hippopotamus underwater locomotion: reducedgravity movements for a massive mammal. 2009. Journal of Mammalogy. 90(3):
675-679.

30

22. Daley, M.A., Usherwood, J.R., Felix, G., and Biewener, A.A. Running over rough
terrain: guinea fowl maintain dynamic stability despite a large unexpected change
in substrate height. 2006. Journal of Experimental Biology. 209: 171-187.
23. Del Hoyo, J. Williot, A., Sargatal, J. Handbook of the Birds of the World. 1994.
Vol. 2. 84-87334-15-6.
24. Denning, W.M. The effects of aquatic exercise on physiological and
biomechanical responses. 2010. Utah State University, Logan, UT. USA.
25. Gatesy, S.M. and Biewener A.A. Bipedal locomotion: effects of speed, size, and
limb posture in birds and humans. 1991. Journal of Zoology. 224: 127-147.
26. Gillis, G. B., Blob, R. W. How muscles accommodate movement in different
physical environments: aquatic vs. terrestrial locomotion in vertebrates. 2001.
Comparative Biochemistry and Physiology Part A: Molecular & Integrative
Physiology. 131: 61-75.
27. Espy, D.D., Yang, F., Bhatt, T., Pai, Y-C. Independent influence of gait speed and
step length on stability and fall risk. 2010. Gait & Posture. 32(3): 378-382.
28. Halsey, L.G., Tyler, C.J., Kuliukas, A.V. The energy costs of wading in water.
2014. Biology Open. Doi: 10.1242/bio.20147831
29. Hancock, J. A., Stevens, N. J., Biknevicius, A. R. Elegant-crested Tinamous
Eudromia elegans do not synchronize head movements and leg movements
during head-bobbing. 2013. Ibis. 156(1) doi: 10.1111/ibi12115.
30. Hartman, F.A. Locomotor mechanisms of birds. 1961. Smithsonian
Miscellaneous Collections. 143(1): 1-91.

31

31. Haupenthal, A., Ruschel, C., Hubert, M., de Brito Fontana, H., Roesler, H.
Loading forces in shallow water running in two levels of immersion. 2010.
Journal of Rehabilitation Medicine. 42: 664-669.
32. Hedrick, T. L. Software techniques for two- and three- dimensional kinematic
measurements of biological and biomimetic systems. 2008. Bioinspiration &
biomimetics. 3, 3: 1-6.
33. Hugel, V., Abourachid, A., Gioanni, H., Mederreg, L., Maurice, M., Stasse, O.,
Bonnin, P., Blazevic, P. The RoboCoq Project: Modelling and design of a birdlike robot equipped with stabilized vision. 2003. Proceedings of the 2nd
International Symposium on Adaptive Motion of Animals and Machines.
34. Kawano, S.M. & Blob, R.W. Propulsive forces of mudskipper fins and
salamander limbs during terrestrial locomotion: implications for the invasion of
land. 2013. Integrative and Comparative Biology. 53(2): 283-294.
35. Kuliukas, A. Bipedal wading in Hominoidae past and present. 2001. University
College London.
36. Menz, H.B., Lord, S.R., Fitzpatrick, R.C. Acceleration patterns of the head and
pelvis when walking on level and irregular surfaces. 2003. Gait & Posture. 18: 3546.
37. Mulavara, A.P., Verstraete, M.C., Bloomberg, J.J. Modulation of head movement
control in humans during treadmill walking. 2002. Gait & Posture. 16: 271-282.

32

38. Nakatsukasa, M., Ogihara, N., Hamada, Y., Goto, Y., Yamada, M., Hirakawa, T.,
Hirasaki, E. Energetic costs of bipedal and quadrupedal walking in Japanese
macaques. 2003. American Journal of Physical Anthropology. 124(3): 248-256.
39. Necker, R. Head-bobbing of walking birds. 2007. Journal of Comparative
Physiology. 193: 1177-1183.
40. Neuswanger, J. R., Wipfli, M. S., Rosenberger, A. E., Hughes, N. F. Measuring
fish and their physical habitats: versatile 2D and 3D video techniques with userfriendly software. 2016. Canadian Journal of Fisheries and Aquatic Sciences. 73:
1861-1873.
41. Owens, M.R. Rehabilitation therapies for musculoskeletal and spinal disease in
small animal practice. 2006. European Journal of Companion Animal Practice.
16(2): 137-148.
42. Pickens, B. A., King, S. L., Vasseur, P. L., Zimorski, S. E., Selman, W. Seasonal
movements and multiscale habitat selection of Whooping Crane (Grus
americana) in natural and agricultural wetlands. 2017. Waterbirds. 40(4): 322333.
43. Powell, G. V. N. Habitat use by wading birds in a subtropical estuary:
implications of hydrography. 1987. The Auk. 104(4): 740-749.
44. Rivera, A. R. V., Blob, R. W. Forelimb kinematics and motor patterns of the
slider turtle (Trachemys scripta) during swimming and walking: shared and novel
strategies for meeting locomotor demands of water and land. 2010. Journal of
Experimental Biology. 213: 3515- 3526.

33

45. Thomas, G.H., Willis, M.A., Székely, T. A supertree approach to shorebird
phylogeny. 2004. BMC Evolutionary Biology. 4:28.
46. Velasquez, C.R. Managing artificial saltpans as a waterbird habitat: species’
responses to water level manipulation. 1992. Colonial Waterbirds. 15(1): 43-55.
47. Vogel, S. Comparative Biomechanics: Life’s Physical World. Princeton, NJ.
Princeton University Press. 2003. ISBN 0-691-11297-5.
48. Walker, J.A. Estimating velocities and accelerations of animalocomotion: a
simulation experiment comparing numerically different algorithms. 1998. Journal
of Experimental Biology. 201: 981-995.
49. Wilkinson, D.M. & Ruxton, G.D. Understanding selection for long necks in
different taxa. 2012. Biological Reviews. 87: 616-630.
50. Young, V. K. H., Blob, R. W. Limb bone loading in turtles: changes in loading
facilitate transitions from tubular to flipper-shaped limbs during aquatic invasions.
2015. Biology Letters. 11: 20150110.doi:10.1098/rsbl.2015.011.
51. Young, V. K. H., Vest, K. G., Rivera, A. R. V., Espinoza, N. R., Blob, R. W. One
foot out the door: limb function during swimming in terrestrial versus aquatic
turtles. 2017. Biology Letters. 13(1). doi:10.1098/rsbl.2016.0732.
52. Zeffer, A.L., Johansson, C., Marmebro, A. Functional correlation between habitat
use and leg morphology in birds (Aves). 2003. Biological Journal of the Linnean
Society. 79(3): 461-484.

34

53. Zug, G. R. Buoyancy, locomotion, morphology of the pelvic girdle and hindlimb,
and systematics of cryptodiran turtles. 1971. Miscellaneous Publications, Museum
of Zoology, University of Michigan.

35

